Little is known about the effect of lowprotein (LP) diets on intestinal barrier function and permeability. In the first part of this study, starting on day 9 of age, the growth performance of the birds fed 3 experimental diets in each phase of feeding (G/F: grower/finisher) was investigated. Three experimental diets were as follows: LP (170/150 g/kg CP) fortified with essential amino acids (EAA), standard protein (SP), (202/190 g/kg), and high protein (HP) (220/210 g/kg). LP and SP diets contained a similar level of EAA concentration, while the HP diet contained 10% above the Ross 308 specifications. Each diet was replicated 6 times (10 male birds per replicate). The second part investigated intestinal permeability (IP) and function on additional 72 birds. On days 14, 16, and 20, a total of 36 birds (12 birds per diet) were injected with dexamethasone (DEX) to induce leaky gut. Birds fed LP diets had lower body weight gain (BWG) and higher feed conversion ratio (FCR) compared with SP and HP diets in both grower and finisher phases of feeding. For the challenge part, DEX increased the FCR independent of diets. Diet and DEX interacted for BWG, whereby the effect of diets was only evident in sham-injected birds. Birds fed LP had a higher fluorescein isothiocyanate dextran (FITC-d) concentration indicating a more permeable intestine compared to HP, but similar to SP. DEX increased FITC-d concentration in all dietary treatments. Birds fed LP had less ileal zonula occludens-2 (ZO-2) expression in comparison with SP, but not HP. DEX increased the expression of Claudin3 and ZO-2 and reduced Claudin1 (P < 0.05) and junctional adhesion molecule 2 in the ileum. Expression of ileal Na + -dependent glucose transporter 1 (SGLT1) was upregulated in LP fed group. It is concluded that compared with SP, IP can be maintained in LP by supplementing EAA. However, when compared with HP, feeding birds with LP may lead to a higher IP. DEX had a profound independent effect on intestinal barrier function.
INTRODUCTION
Maintaining intestinal health and growth remains a concern as demands increase to limit the use of antibiotics in poultry production. Dietary protein and therefore balance of amino acids (AA) play a major role in intestinal health and performance. The potential benefits of low-protein (LP) diets are reported to include the reduction of cost, environmental impact, nitrogen excretion and wet litter. However, this practice has of-ten resulted in impaired performance and unbalanced supply of AA. Supplementation of AA has been extensively researched in relation to reduced protein diets and the order of limiting AA is known (Ospina-Rojas et al., 2012) . However, it is not known if LP diets would have an impact on intestinal barrier function and permeability. In the concept of intestinal gut health, the role of specific AA and their relationship together for intestinal integrity and development are still not fully understood, particularly when dietary protein is reduced. Chen et al. (2016) showed that reducing dietary protein, without supplementation of all the essential amino acids (EAA) exacerbated the effect of aflatoxicosis on broiler performance and nutrient utilization, along with a numeric tendency to increase intestinal permeability (IP). These researchers found that increasing dietary protein to 260 g/kg completely restored the adverse effect of aflatoxin on bird performance.
Optimum function of the epithelium of the intestine is important in controlling permeability. Tight junctions including claudins, occludin, and junctional adhesion molecules play an important role in paracellular permeability (Groschwitz and Hogan, 2009 ). These junctions not only have a fundamental role in absorbing nutrients, but also prevent entry of microbes and toxins into the body. However, during stress or a disease when these junctions are disrupted, the barrier function of the gut is compromised leading to increased IP (Chen et al., 2015) . Increased IP can lead to compromised health, bacterial translocation, toxin translocation, lameness, and compromised performance as reviewed by Gilani et al. (2016) . Increased IP in chickens has not been studied in detail so far and needs further research. A few models have been studied in this regard e.g., dextran sodium sulfate and feed withdrawal for increasing IP (Gilani et al., 2016) . Poorly digested diets, fasting, endotoxins, and several forms of stress have been shown to adversely affect intestinal barrier function (Vicuña et al., 2015a; Gilani et al., 2016) . Some of the main physiological functions of the gut can be affected by inducing stress. The alterations may include but are not limited to visceral sensitivity, permeability, nutrient absorption, motility and the composition of microbiota and host-microbiota interactions (Ünsal and Balkaya, 2012) . Exogenous glucocorticoids (GC) can mimic some of these stress-related effects in the gut (Spitz et al., 1994) . Administration of dexamethasone (DEX), a synthetic GC, has been demonstrated to increase IP and bacterial adherence to the mucosa in rats (Spitz et al., 1994) . With only few attempts in poultry, Vicuña et al. (2015a) showed that either in feed or intermuscular injection of DEX resulted in increased bacterial translocation and IP in broilers. While it has been shown that dietary composition including AA (Yamamoto et al., 2010) , energy , and fatty acids (Wang et al., 2012) are effective under stress stimulated by GC, less is known about such impact on the intestinal barrier function and permeability in chickens.
The current study aimed to investigate the effect of LP diets supplemented with synthetic EAA compared with standard protein (SP) and high-protein (HP) diets on intestinal function and performance of broiler chickens. DEX was examined as a leaky gut model in conjunction with dietary treatments to assess the IP and function of the intestine in addition to a series of gene expression assays related to intestinal barrier function, tight junction proteins, and nutrient transporters.
MATERIALS AND METHODS
The Animal Ethics Committees of the University of Adelaide and Primary Industries and Regions South Australia approved all the experimental procedures.
Experimental Design and Procedures
This study had 2 parts, first to assess the general growth performance of the birds fed 3 experimental diets of low, standard and high protein in grower (9 to 23 d) and finisher phases (24 to 35 d) of feeding in a completely randomized design. Three dietary treatments were formulated as LP supplemented with EAA, SP, and HP. Both LP and SP were formulated to meet the recommended specifications for EAA, while only HP diet was formulated to have 10% EAA above the AA specifications recommended by Aviagen (Ross 308, 2014) . Composition of experimental diets is shown in Table 1 . The second part as the core part of the study was to investigate the intestinal barrier function on additional birds receiving the above dietary grower treatments that were subjected to either sham or DEX injections in a 2 × 3 factorial arrangement of treatments.
A total of 252 male day-old Ross 308 broiler chickens were obtained from a local hatchery (Baiada Hatchery, Willaston). All birds were raised on floor-based pens receiving the same commercial starter diet until day 9. The starter diet had 3,025 kcal/kg AME, 225 g/kg CP, 12.8 g/kg digestible Lys, 9.6 g/kg Ca, and 4.8 g/kg available phosphorus. On day 9, birds were assigned to each of the 3 experimental diets. Each diet was replicated 6 times accommodating 10 birds. The average body weight (BW) of the birds at day 9 was 194 g. Birds were fed experimental grower diets from day 9 to 23 and finisher diets from day 24 to 35. Room temperature was kept at 33 to 34 o C on the first day of the experiment and then gradually decreased by 1 o C every second day until a stable temperature of 24 o C was reached by day 21. A lighting program of 23-h light and 1-h dark was followed in the first week of age after which birds received 16-h light and 8h dark until the end of study. Birds had ad libitum access to feed and water throughout the experiment. At the end of each phase of feeding, birds were weighed and feed consumption and feed conversion ratio (FCR) were measured. FCR was adjusted for mortality for any treatments.
For each experimental diet, additional 2 replicate pens each accommodating 12 birds were utilized to house 72 broilers receiving their respective experimental diets. On day 14 post-hatch, for the ease of bird handling, individual performance measurement, management of oral gavage of sugars (IP test) and blood collections, these 72 birds were transferred to 72 individual metabolism cages. Birds were assigned to the 3 experimental diets replicated 24 times by feeding the diets to the individually housed birds. On day 14, half of the birds (n = 36; 12 birds per dietary treatment) were injected with DEX (0.5 mg/kg BW) intramuscularly in breast muscle to induce gut leakage. The intermediate dose of 0.5 mg/kg was chosen based on previous literature (Li et al., 2009; Wideman and Pevzner, 2012) . Preparation of DEX solution was based on the 6.8 (6.5) 3 9.46 (8.9) 10.25 (9.5) 5.9 (5.5) 8.8 (8.2) 9.6 (9.2) Ser 7.5 10.6 11.2 6.4 9.6 10.9 Phe 9.0 (8.9) 9.6 (10.9) 10.4 (10.5) 6.5 (7.0) 9.1 (10.0) 9.9 (11.3) Dig 5 Arg 12.3 (12.7) 12.3 (13.2) 13.6 (14.2) 11.0 (11.5) 11.3 (11.8) 12.7 (13.6) Dig Lys 11.5 (11.8) 11.5 (13.0) 12.6 (13.9) 10.3 (10.6) 10.3 (11.2) 11.3 (12.6) Dig Met 6.4 6.0 6.8 5.9 5.5 6. 8.4 (9.9) Dig Thr 7.7 (8.3) 7.7 (9.3) 8.5 (10.4) 6.9 (7.4) 6.9 (8.4) 7.6 (9.6) Dig Val 9.1 (9.4) 9.2 (10.3) 9.9 (10.9) 7.8 (8.6) 8.6 (9.5) 9.4 (10.7) Calcium 8.5 8.5 8.5 procedure previously described by Wideman and Pevzner (2012) . Injections were limited to 3 with second and third injections given at days 16 and 20, respectively. After the second injection, 2 birds died and 3 birds showed lethargy and breathing difficulty that were later omitted from the analysis. On the same days, the remaining 36 birds were sham injected with saline solution (1 mL/kg BW).
Permeability Test, Blood Collection, and Sampling
The passage of fluorescein isothiocyanate dextran (FITC-d) into the blood was used as IP test as previously described (Vicuña et al., 2015b; Zhang et al., 2016) . On day 21 of age, to assess the gut leakage, 1 mL (2.2 mg/bird) oral gavage of FITC-D with molecular weight of 4,000 (Sigma Aldrich) was given to birds.After 150 min, blood was collected using 22-gauge needle through jugular vein on live birds. All blood samples were kept at room temperature for at least 3 h to allow clotting before being centrifuged at 1,000 g for 15 min. All the samples and standards were run in triplicate and the serum concentration of FITC-d was determined by a standard curve using a Synergy MX plate reader (Biotek Instruments, Bedfordshire, UK) at wavelengths of 485 nm for excitation and 530 nm for emission.
The remaining 70 birds were then euthanized by cervical dislocation for collection of intestinal samples and visceral organ weights. The empty weight of duodenum, jejunum, ileum, proventriculus, gizzard, liver, and bursa were expressed to BW. For molecular assays, approximately 1 cm of mid-point of both jejunum and ileum were cut, rinsed with PBS, snap-frozen in liquid nitrogen, and kept in -80 o C until further analysis. Further tissues from mid-jejunum and ileum were collected and fixed in 10% buffered formalin for histological analysis.
Morphological Analysis of Ileal and Jejunal Tissues
Jejunal and ileal tissues collected for intestinal morphology were sectioned and processed using standard haematoxylin and eosin assay as described by Golder et al. (2011) . For each treatment, 8 samples of jejunum and 8 samples of ileum were analyzed for villus height (VH), crypt depth (CD), villus width (VW), and villus surface area. A minimum of 10 villi and associated crypts were randomly chosen for measurements per slide. Pictures were taken using an Olympus WH B10X\20 microscope (Olympus, Tokyo, Japan) and were then processed using Video Pro 32 imaging software (Leading Edge Pty Ltd).
RNA Extraction and Quantitative PCR
RNA isolation and quantification was performed using a commercially available kit (RNeasy Plus Universal Tissue Mini kit, Qiagen, Hilden, Germany) precisely following the manufacturer's procedure as described by Gilani et al. (2018) . The concentration and purity of total RNA was determined using an ultraviolet spectrophotometry (Nanodrop 200; Thermo Scientific, Wilmington, DE). The integrity of total RNA was tested and confirmed using agarose gel electrophoresis technique.
PCR assays were designed and reverse transcription of complementary DNA was prepared as described in a previous study (Gilani et al., 2018) . Table 3 includes oligonucleotides of the primers used in the PCR assays. The oligonucleotides for 4 AA transporters were based on the study by Gilbert et al. (2007) . These AA transporters included excitatory amino acid transporter 3 (EAAT3), Na + -independent cationic, and Na + -dependent neutral AA (y + LAT1), Na + -independent cationic transporter (CAT1), Na +independent cationic, and zwiterionic amino acid transporter (b o,+ AT). Tight junction and mechanistic genes included Claudin1 and 3, junctional adhesion molecule 2 (JAM-2), zonula occludens-2 (ZO-2), mechanistic target of rapamycin (mTOR), mucin 2 (MUC2), Na + -dependent glucose transporter 1 (SGLT1), and oligopeptide transporter (PepT1). Two genes of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and TATA-binding protein (TBP) were chosen as housekeeping genes according to previous studies (Gilani et al., 2018) . Analysis of stability of genes revealed TBP as the most stably expressed gene in this study. GAPDH was affected by the treatments and therefore was not suitable for normalization of data. Therefore, all gene expression data were normalized using TBP and then subjected to statistical analysis.
Statistical Analysis
Data of the experiment were subjected to statistical analysis using either 1-way (for general growth performance) or 2-way ANOVA of GLM procedure of SAS (2003) according to the arrangement of treatments to assess the main effects of diets, DEX injections (challenge), and their interaction. Data were checked for normal distribution. One cage constituted an experimental unit and the values presented in the tables are means with pooled standard error of mean (SEM). If a significant effect was detected, differences between treatments or main effects were separated by least square differences test. All statements of significance were considered on P < 0.05, and 0.05 ≤ P ≤ 0.10 was specified as trends.
RESULTS

Growth Performance
As for the first part of the experiment, the results of general performance of broilers fed 3 experimental diets are shown in Table 2 . Birds fed HP diets consumed more feed during the finisher phase (P < 0.01) and showed a tendency when assessed for the entire course of study (P = 0.052). There was no significant difference between LP and SP for the feed intake. Body weight gain (BWG) increased as CP and AA concentration (in HP diet) increased at any stage of the study. Birds on HP diets were heaviest, while the LP diets led to the lightest birds (P < 0.001). Similar trends were observed for FCR that markedly improved as higher protein and AA were fed. The challenge part of the study was conducted on individually housed birds from days 13 to 21 of age for which the growth performance data are shown in Table 4 . Birds injected with DEX consumed less feed than sham-injected group (P < 0.001). There was no effect of dietary GAPDH: glyceraldehyde-3-phosphate dehydrogenase; TBP: TATA box-binding protein; JAM-2: junctional adhesion molecule 2, ZO-2: zonula occludens-2; mTOR: mechanistic target of rapamycin; MUC2: mucin 2; SGLT1: Na+-dependent glucose transporter 1; PepT1: oligopeptide transporter; EAAT3: excitatory amino acid transporter 3, Na + , H + , K + dependent; y + LAT1: Na + -independent cationic and Na + -dependent neutral amino acid; CAT1: Na + -independent cationic transporter; b o,+ AT: Na + -independent cationic and zwiterionic amino acid transporter.
1 The 4 primers of amino acid transporters are from Gilbert et al. (2007) and the rest of primers are same as a previous experiment in our lab by Gilani et al. (2018) except PepT1 that is from this study. treatments on feed intake of individually housed birds. There was a significant interaction between DEX and diets for BWG where HP increased BWG only in unchallenged birds (P < 0.001). Birds fed with LP had a higher FCR than birds fed with SP independent of DEX treatment. DEX increased the FCR independently of dietary CP (P < 0.001).
Blood FITC-d Concentration as Permeability Biomarker
The results of IP test of FITC-d are illustrated in Figures 1 and 2 . There was no significant interaction between DEX and dietary treatment for the concentration of FITC-d in the serum of birds. There was no significant difference between LP and SP in terms of serum FITC-d. There was a significant difference between HP and LP diets where birds fed LP had a higher concentration of FITC-d (P < 0.05). This indicates a higher IP in LP fed birds only compared with HP. DEX markedly increased FITC-d level in the serum compared with sham-injected birds (P < 0.001).
Relative Weight of Organs
Relative weights of proventriculus (P < 0.001), gizzard (P < 0.001), liver (P < 0.001), and duodenum (P < 0.05) increased in birds injected with DEX but remained unaffected by dietary treatments (Table 5) . Relative weight of ileum and jejunum were not affected by any of the treatments. LP (P < 0.05) and DEX (P < 0.001) independently reduced the weight of the spleen. While there was significant bursal atrophy because of DEX injections (P < 0.001), bursa tended (P = 0.102) to be lighter in LP fed diets.
Histomorphological Analysis in Jejunum and Ileum
As shown in Table 6 , there was no interaction between DEX and dietary protein for any of the histological measurements. Dietary protein and AA concentration had no significant effect on VH, VW, CD, and VH:CD in either jejunum or ileum. However, when villus surface area was assessed for the jejunum, birds on LP had less (P < 0.001) surface area than SP but com-parable to HP diets. Injection of birds with DEX decreased CD (P < 0.001; P < 0.05) and villus surface area (P < 0.001) in both jejunum and ileum, and VH (P < 0.001) only in jejunum.
Gene Expression of Nutrient and AA Transporters
The data for gene expression of nutrient and AA transporters are presented in Table 7 . with LP caused an overexpression of y + LAT1 compared to SP in jejunum and HP in ileum, respectively (P < 0.05). The mRNA abundance of PepT1 was downregulated in the ileum by LP in comparison to SP but not HP (P < 0.05). The ileal gene expression for SGLT1 was upregulated in LP fed group (P < 0.01). For jejunal tissues, DEX injections independently increased the expression of SGLT1 (P < 0.001) and EAAT3 (P < 0.001) and reduced CAT1 (P < 0.01). In the ileum, PepT1 and EAAT3 expression were upregulated in DEX-injected animals (P < 0.001). Expression of B o,+ AT was not affected by either DEX or diets.
Gene Expression of Tight Junction Proteins, MUC2 and mTOR
As shown in Table 8 , there was significant interaction between DEX and diets for expression of JAM2 in the jejunum (P < 0.05). Increasing the concentration of AA for HP diets increased the abundance of JAM2 in unchallenged birds, whereas the reverse was observed compared to LP in DEX-injected birds. For the same jejunal tissues, expression of Claudin1, Claudin3, MUC2, and mTOR were unchanged by dietary treatments. However, mRNA expression of Claudin3 (P < 0.001) and MUC2 (P < 0.001) in the jejunum samples were independently downregulated when birds were subjected to DEX.
For ileum, DEX and diets interacted for expression of MUC2 (P < 0.01). Injection of bird with DEX increased MUC2 abundance in birds on LP while the opposite was observed for SP. Expression of ileal Claudin1 was reduced in HP treatment independent of DEX (P < 0.05). Feeding birds with LP downregulated mRNA abundance of ZO-2 only in comparison with SP (P < 0.01). DEX independently increased the expression of Pooled standard error of mean (n = 48). Claudin3 (P < 0.001) and ZO-2 (P < 0.05) and reduced the abundance of Claudin1 (P < 0.05) and JAM2 (P < 0.001) in the ileum.
DISCUSSION
Bird Performance and Organ Weights
The wide range of dietary protein and AA concentration in this study was chosen to be able to induce an effect for IP and function and therefore, as expected, resulted in a distinct effect on performance with LP diets showing most negative effect. The observed positive effect of higher AA concentration is in line with previous studies (Kidd, et al., 2004; Corzo, et al., 2010) . This result was expected as according to the main objective of the study, the LP diets were only supplied with EAA to meet the breeder recommendations (Ross, 2014) to investigate whether supplementation of EAA could produce a similar result compared with SP or HP diets for IP and barrier function. It is known that some non-essential amino acids (NEAA) in particular glycine and serine play an important role in improving performance of birds on LP diets (Siegert et al., 2016 ). In the current study, the LP diet had about 14 g/kg glycine+serine which was lower than the other diets and a recommended value of 20.8 g/kg by Ospina-Rojas et al. (2013) . Also noted, a positive response to provision of 10% extra EAA in the diets above the Ross recommendation values highlights that modern broilers are perhaps fed under their full potential in terms of AA concentrations.
We employed DEX as a model to stimulate stressassociated gut leakage. DEX binds preferentially to the type II GC receptor, thereby inducing stress-like physiological effects (Turner et al., 2012) which include inhibition of the immune system and uptake and selective use of glucose (Chrousos, 2000; Sapolsky et al., 2002) . DEX caused a significant reduction in BWG, an observation that corroborates with other studies (Vicuña et al., 2015a; Wideman and Pevzner, 2012) . There was a DEX and dietary treatment interaction for BWG, whereas the diet effect alone was only observed in shaminjected birds, due to severe effect of DEX on BWG. While diet and DEX had independent effect on most of the performance variables in the current study, Bartov (1985) showed a diet-dependent response on appetite of chickens where GC increased feed intake of a HP diet. Although time and frequency of injections as imposed for different research purposes may be contributing factors for these observations, further investigation is required to elucidate the dietary response to GC.
Lymphoid organ atrophy is a prominent feature of immunological suppression or disturbed protein and energy nutrition. Relative weight of bursa of Fabricus and spleen were significantly lower in LP diets as well as DEX-injected birds. Jahanian (2009) also found that reducing dietary CP decreased weights of lymphoid organs (thymus and bursa of Fabricus) and therefore immune response of birds were affected. However, increasing AA concentration by 10% in our study had no effect on organ weights including bursa and spleen. Consistent with the results of the present study, exposure to DEX as immunosuppressant is shown to cause bursal and spleen atrophy (Vicuña et al., 2015a) . Increased liver mass relative to BW observed in the current study indicates a higher metabolic rate in DEXinjected birds compared to control animals and is consistent with results obtained in rats subjected to repeated GC injections (Roussel et al., 2003) .
Intestinal Permeability and Histomorphological Analysis
Functional state of tight junctions is immensely dynamic. Tight junctions open and close when exposed to a range of stimuli including, but not limited to, nutrients, absorption process, hormonal or neural signals, various cellular pathways, or inflammatory mediators. Studies on IP in relation to dietary factors in poultry are limited. As such, little is known about the effect of protein and AA concentrations on IP and barrier function. Indeed, in the current experiment, higher concentration of FITC-d was detected in birds fed LP compared with HP but not with the SP diet. Compared with HP, this indicates an increased IP and impaired intestinal barrier function in LP diets, most likely driven from differences in AA concentration. In broilers, Chen et al. (2016) conducted a dual-sugar permeability test in broilers fed different dietary protein concentrations with aflatoxin and found that absorption of lactulose, which is through the paracellular pathway, tended to be higher in birds fed a diet containing 180 g/kg protein compared with HP diets (260 g/kg). They also found that lactulose-to-rhamnose ratio tended to be different between dietary protein levels in birds fed diets exposed to aflatoxin. It is known that higher lactuloseto-rhamnose ratio is an indication of increased IP. It is noted that in a study by Chen et al. (2016) , the LP diets were deficient for EAA compared to the present study. There may be several reasons for observed higher IP in birds fed LP diets. Processes of nutrient absorption through transcellular pathways can modulate paracellular permeability (Arrieta et al., 2006) . When SGLT1 is activated, opening of tight junctions occurs to allow transfer of small molecules and peptides (Turner and Madara, 1995; Arrieta et al., 2006) . Similarly, in the current experiment, upregulation of SGLT1 gene observed in the ileum of birds fed LP is in line with higher IP as indicated by higher concentration of serum FITCd of the same birds, although it is unknown whether such upregulation could account for passage of molecular size as big as 4,000 MW in the case of FITC-d.
Although not directly measured in this study, it is well known that feeding LP increases abdominal fat and total carcass fat in broilers (Yalçin et al., 2010; Jlali et al., 2012) that may be due to excess available en-ergy relative to the amount of protein available in such diets. Obesity has been shown to increase IP (Teixeira et al., 2012) , and there is an indication that excess energy may lead to leaky gut syndrome (Ott et al., 2017) with no available data in poultry. While the dietary AME of diets was formulated at the same level for all 3 diets, it is speculated that the actual required energy content of LP tested may have been in excess relative to the amount of protein compared with birds fed HP. In addition, LP diets in the current study were only supplemented with EAA; therefore, some NEAA such as glycine, serine, glutamine as well as the ratio between essential and NEAA have been unavoidably different between LP and the other 2 diets particularly in comparison with HP. There are emerging pieces of evidence for the role of AA in particular glycine (Li et al., 2016) and glutamine (dos Santos et al., 2010) affecting enterocyte permeability in other species. It therefore may be possible that availability of some of the AA in LP diets has not been optimal to support the desired functionality of the intestinal barrier.
While there was no interaction between dietary treatments and DEX, the magnitude of response for most of the parameters studied in the present study was more prominent because of DEX injection. As an example, 34.7% increase in FITC-d absorption was caused by DEX vs only 19.9% differences by dietary treatments. Injection of birds with DEX had great effect on FITCd concentration indicating an increased IP. This result concurs with that observed by Vicuña et al. (2015a) . Exogenous GC has been found to induce stress-related physiological changes at the intestinal level including permeability and mast cell activity (Spitz et al., 1994; Unsal and Balkaya, 2012) . Non-significant difference between different protein level diets for villi height, crept depth, and villus surface area contradicts a previous study (Laudadio et al., 2012) . Different protein levels and synthetic AA supplementation may be an answer to that. On the other hand, DEX treatment significantly reduced villi surface area as previously reported in jejunum of broiler chickens (Li et al., 2009 ).
Expression of Genes Related to Tight Junctions, Mucin, and AA Transporters
As the backbone of tight junction complex, Claudins play an important role in maintaining the intestinal integrity and is regarded as one of the most relevant immunohistochemical markers for tight junctions (Guo et al., 2018) . Claudin 1 and 3 are among barrier-forming Claudin family that may interact with other tight junctions in particular ZO (Findley and Koval, 2009) . In an increased integrity, Claudin and ZO expression are expected to increase. Independent of DEX treatment, the effect of diets on tight junction-related genes was mostly observed in the ileal tissues. However, Claudin1 and ZO-2 were differentially affected by dietary protein and concentration of AA in the current study. Birds fed LP had lower ZO-2 mRNA expression compared with standard diet, while the expression of Claudin1 in the ileum was reduced in birds fed HP. There is no apparent explanation for this observation. However, phosphorylation of Claudin is considered to affect localization and the interaction with other proteins; hence, the IP can be affected (Findley and Koval, 2009 ). As dynamic structures, tight junctions are not static and they are constantly being remodeled in response to various factors such as feed residue, external stimuli, and interactions with commensal bacteria (Guo et al., 2017) . This may explain why the tight junction genes have been differentially affected in response to diet and DEX. Given that IP indeed increased in birds injected with DEX, the increase in expression of most of tight junction-related genes as a result of DEX injections may be interpreted as a compensatory response. However, reduction of ileal mRNA expression of Claudin1 and JAM2 was in line with increased IP in birds challenged with DEX.
Mucin is secreted by the goblet cells and is a first line of defense to protect the intestine against pathogens and therefore gut inflammation. MUC2 mucin is shown to be involved in the establishment of mucous layer, and it has been suggested that a decrease in MUC2 expression may be associated with deterioration of intestinal mucosa hindering the recovery of mucous layer (Forder et al., 2012) . We observed suppression of MUC2 mRNA abundance in the jejunum of DEX-treated birds, which was in line with compromised intestinal function (i.e., higher permeability) observed in the same animals. It was clear from the current investigation that MUC2 expression was differently affected by dietary treatment in challenged and unchallenged birds through a complex interaction. It is generally expected that when dietary protein increases, a subsequent increase of mucin output is observed (Horn et al., 2009 ). This phenomenon was not straightforward in the present study, and therefore further investigation measuring the actual protein abundance of mucin is required to elucidate the interaction of dietary protein under stress response.
The mTOR pathway is one of the major cellular signal pathways involved in controlling the protein synthesis and regulating organismal growth and homeostasis (Vignale et al., 2015) with some recent evidence on having a role in controlling permeability (Yu et al., 2016) . Amino acids are shown to activate mTOR and stimulate cell migration (Rhoads et al., 2006) . However, no significant effect of either DEX or dietary factors including the increase in AA concentration were found on mRNA abundance of mTOR in the present study. While our results are in line with that obtained by Chen et al. (2016) for dietary CP, it contradicts altered mTOR expression by DEX reported by Wang et al. (2015) in the muscle of chickens. However, there are no reports in chickens for the effect of DEX on intestinal expression of mTOR that may point to a possible tissue effect.
Absorption of nutrients may be affected by stress in either non-specific ways such as activities of digestive enzyme, morphological changes, or intestinal motility or specific paths that include expression of particular transporters related to a specific nutrient (Li et al., 2009) . SGLT1 mediates glucose absorption from the intestinal lumen into epithelial cells (Linda et al., 2005) . Besides, the relevance of SGLT1 as a possible cellular rescue mechanism to protect intestinal barrier was shown in Caco2 cells treated with lipopolysaccharides known to induce IP (Linda et al., 2005) . Therefore, we studied this gene in relation to intestinal function and permeability in broilers. In the present study, we found evidence of increasing expression of SGLT1 both as a result of stress stimulated by DEX in the jejunum and feeding LP in the ileum. Glucocorticoids are shown to promote the mobilization and usage of glucose, with DEX causing overexpression of SGLT1 in the small intestine of rats which is suggested to be through the activation of GC-regulated kinase 1 (Iannoli et al., 1998) . It is also shown in chickens that heat stress increases the glucose absorption and expression of SGLT1 (Garriga et al., 2006) . This observed elevated SGLT1 expression indicates a physiological adaptation of the intestine to increase capacity for glucose absorption when gut health/absorption is compromised. Additionally, the LP diet contained more cereals and therefore starch compared with the other 2 diets. It is therefore possible that difference in ileal gene expression of SGLT1 may have also been a reflection of different availability of starch in the intestine (Shimada et al., 2009) .
For cell survival, peptide transporters are presumed to be fundamentally important and they can be induced by a stress response (Chen et al., 2005) . In the current study, PepT1 expression was indeed upregulated in jejunum and ileum of DEX-injected birds. This observation could also be attributed to lower feed intake in those birds than unchallenged birds. Ihara et al. (2000) found that 50% reduction in feed intake resulted in 164% increase in expression of PepT1 in rats compared to animals that were ad libitum. Similar results have been reported for chickens subjected to reduced feed intake regime (Gilbert et al., 2008a) . As for the dietary protein, while both restriction and high level of protein could result in upregulation of PepT1 (Gilbert et al., 2008b) , the LP diets in the present study caused a reduction in jejunum of DEX-injected birds as well as an independent reduction in ileum. No straightforward explanation can be found for this observation. However, one possibility is that less protein-bound AA have been available in LP diets due to higher concentration of crystalline supplemented AA compared with SP or HP. Nevertheless, further research is warranted to clarify the possible underlying mechanisms.
Increased expressions of both ileal and jejunal y + LAT1 by feeding LP diets may possibly relate to less availability of AA reaching the distal part of small intestine that caused a compensatory response. This could simply be due to increased demand for AA at Downloaded from https://academic.oup.com/ps/advance-article-abstract/doi/10.3382/ps/pey563/5265238 by 04860000 user on 02 January 2019 the distal portion of small intestine. As for the higher concentration of AA available in HP diet, the significant differences in expression of nutrient and AA acid transporters because of tested diets appeared to be more in the ileum rather than jejunum. In principle, HP diet would result into more available AA in the ileum, thereby reducing the need for higher regulation AA transporters. In poultry, limited experimental data exist on physiological consequences of stress on AA transporters and digestion. Glucogenic AA are able to be converted to glucose through gluconeogenesis, a process that is accelerated under stress conditions (Virden and Kidd, 2009 ). Consistent increased expression of EAAT3 as a result of DEX injections may be explained by physiological activation of GC-inducible kinase 1 that is known to affect EAAT3 (Klaus et al., 2009) .
The results of this study demonstrated that the intestinal barrier function of birds fed reduced protein diets supplemented with EAA could be maintained similar to an SP diet. However, when compared with HP group some negative effects on IP were demonstrated by a difference in FITC-d assay. Increasing AA concentration by 10% in HP led to superior growth performance of the birds but differentially affected expression of genes related to tight junction proteins and transporters. While the effect of diets were observed both under stress-like effects stimulated by DEX as a synthetic GC and unchallenged condition, some interactive effects of GC and dietary protein and AA require further investigation to elucidate the underlying mechanisms. DEX showed profound effects on IP and gene expression in the intestine providing further evidence for stress-stimulated alteration of intestinal barrier function in broilers. Measurement of protein abundance of the studied genes will provide a better understanding of their effects in terms of IP and gut function. Future studies are required to investigate the role of individual AA, in particular NEAA on barrier function and performance of broilers fed LP diets.
